Abstract. The development of a data warehouse system is based on a conceptual multidimensional model, which provides a high level of abstraction in the accurate and expressive description of real-world situations. Once this model has been designed, the corresponding logical representation must be obtained as the basis of the implementation of the data warehouse according to one specific technology. However, there is a semantic gap between the dimension hierarchies modeled in a conceptual multidimensional model and its implementation. This gap particularly complicates a suitable treatment of summarizability issues, which may in turn lead to erroneous results from business intelligence tools. Therefore, it is crucial not only to capture adequate dimension hierarchies in the conceptual multidimensional model of the data warehouse, but also to correctly transform these multidimensional structures in a summarizability-compliant representation. A model-driven normalization process is therefore defined in this paper to address this summarizability-aware transformation of the dimension hierarchies in rich conceptual models.
Introduction
Business intelligence tools, such as OLAP (On-Line Analytical Processing) tools depend on the multidimensional (MD) structures of a data warehouse that allow analysts to explore, navigate, and aggregate information at different levels of detail to support the decision making process. Current approaches for data warehouse design advocate to start the development by defining a conceptual model in order to describe real-world situations by using MD structures [13] . These structures contain two main elements. On one hand, dimensions which specify different ways the data can be viewed, aggregated, and sorted (e.g., according to time, store, customer, product, etc.). On the other hand, events of interest for an analyst (e.g., sales of products, treatments of patients, duration of processes, etc.) are represented as facts which are described in terms of a set of measures. Every fact is based on a set of dimensions that determine the granularity adopted for representing the fact's measures. Dimensions, in turn, are organized as hierarchies of levels that allow analysts to aggregate data at different levels of detail. Importantly, dimension hierarchies must ensure summarizability, which refers to the possibility of accurately computing aggregate values with a coarser level of detail from values with a finer level of detail. If summarizability is violated, then incorrect results can be derived in business intelligence tools, and therefore erroneous analysis decisions [3, 4] . In addition, summarizability is a necessary precondition for performance optimizations based on pre-aggregation [10] .
Usually, summarizability are not solved at the conceptual level, but at late stages of the development by using information from the data contained in the implemented data warehouse [11, 9] . This way of proceeding poses problems to data warehouse designers, since great efforts are required to ensure summarizability due to the huge amount of data stored. However, if one tries to ensure summarizability at the conceptual level, one typically obtains MD models that are more difficult to understand as they contain an excessive amount of detail that is not required in the initial design steps. As understandability must be one inherent property of conceptual MD models, designers should be able to specify rich conceptual models without being concerned with summarizability problems. Then, a normalization process should be applied to transform the designed MD model into a constrained conceptual model, which is restricted to those MD structures that do not violate summarizability. This normalized model should also provide a high level of expressiveness in describing real-world situations.
Bearing these considerations in mind, in this paper, we take advantage of model-driven development to propose a comprehensive normalization process by using widely adopted formalisms. In essence, we describe how to (i) design different kinds of dimension hierarchies in a conceptual model in order to easily and understandably represent real-world situations regardless of summarizability problems, and (ii) automatically derive equivalent normalized conceptual models, which are constrained to those kind of dimension hierarchies that do not violate summarizability. From this normalized MD model, an implementation that satisfies summarizability can be easily deployed in any database platform and can be accurately queried by any business intelligence tool.
The rest of this paper is structured as follows. Related work is described in Section 2. Our normalization process for ensuring summarizability in dimension hierarchies is presented in Section 3. Finally, conclusions and potential for future work are provided in Section 4.
Related Work
In [9] we present a survey on summarizability issues in MD modeling. Briefly, MD modeling aims to represent measurable facts for real-world events under different perspectives of detail, which are specified via dimensions. For example, using the UML profile for MD modeling proposed in [5] , Fig. 1 Fig. 1 . Moreover,
